The atmospheric pressure plasma jet (APPJ) has been widely investigated for sterilization of surfaces, but studies on surface chemical changes of model compounds in controlled environments have been lacking. We present measurements on lipopolysaccharide (LPS) using x-ray photoelectron spectroscopy after 1% O 2 in Ar APPJ treatments in controlled ambients composed of N 2 /Ar mixtures. By varying the N 2 concentration from 20% to 100%, we find that the interaction of the jet with the environment plays a major role in modifying surface reactions. This is due to the plasma exciting N 2 , which quenches reactive oxygen species (ROS) that would otherwise modify the film surface. By minimizing the interaction of the APPJ with the environment, e.g. by changing the APPJ geometry, we show that surface modifications increase even when the plasma itself is removed farther from the LPS surface. Measurements on the biological activity, optical emission, and ozone production of the jet using O 2 , N 2 and O 2 /N 2 admixtures all demonstrate that ROS are readily quenched by N 2 species excited by the plasma. These results clearly reveal the importance of considering plasma-environment interactions for APPJ treatments of surfaces.
Introduction
Atmospheric pressure plasma jets (APPJs) in noble gases with small admixtures of molecular gases (N 2 and O 2 ) have been the subject of a wide variety of current research due to the variety of reactive neutral species created in the discharge, e.g. metastables [1] , atomic O [2] , singlet delta oxygen [3] , ozone [4] and NO x [5] . Applications vary from thin-film deposition [6] to medical applications such as decontamination of surfaces, [7] wound healing [8] , and cancer treatment [9] . The important role of reactive oxygen species (ROS) and reactive nitrogen species in biological systems has recently been reviewed by Graves [10] .
Nearly all the work done in this field has been done in an open environment [11] [12] [13] . It is critical to the advancement of the field to study how these plasma sources interact with the environment so that atmospheric pressure plasma sources can be properly designed to successfully impact healthcare applications. Additionally, experiments in a controlled environment allow for an advanced understanding of the fundamental processes occurring in these sources. In this letter, we describe a kHz-driven APPJ based on the design described by Teschke et al [14] where two electrodes are wrapped around a tube, made of alumina in this study, as shown in figure 1(a) . When Ar gas flows through the tube and a high voltage is applied between the electrodes, the plasma ignites between the electrodes. The position of the electrodes along the alumina tube can be adjusted such that the plasma plume can be confined inside the alumina tube or extended into the environment. Surface chemistry of lipopolysaccharide (LPS) films before and after APPJ treatment was measured by x-ray photoelectron spectroscopy (XPS) and biological activity was studied by an enzyme-linked immunosorbent assay (ELISA). The APPJ was characterized by optical emission spectroscopy (OES) to detect excited species in the plume and by UV-absorption spectroscopy to detect ozone concentrations.
Experiments and methods
LPS from E. coli O111:B4 (Sigma-Aldrich) was chosen as a model molecule and is a major component of the outer membrane of Gram-negative bacteria such as Escherichia coli. The structure of LPS is described by Erridge et al and will be briefly overviewed here [15] . Lipid A, the toxic element of LPS, consists of several aliphatic chains conjugated to a phosphorylated disaccharide backbone by ester and amide linkages. Lipid A is linked to the core oligosaccharide, which is linked to the O-antigen. These two groups consist of carbohydrate groups, some of which contain an amide group.
To study the interaction of the jet with the environment, experiments were performed in a vacuum chamber that was evacuated to 50 mTorr and then refilled to atmospheric pressure with 20% N 2 in Ar, 60% N 2 in Ar, or 100% N 2 as shown in figure 1 (b). Samples were vacuum transferred to XPS after APPJ treatment and subsequent pump-out of the treatment chamber, thus eliminating the exposure of surfaces to air. For XPS experiments, the plasma gas chemistry was 1% O 2 in Ar at a total flow of 2 l min −1 , the applied voltage across the electrodes was 8 kV at 25 kHz, and samples were treated for 3 min. The vacuum chamber has a volume of 50 l, so we do not expect that the gas flow from the plasma has a major impact on the environment due to the length of the treatment.
Samples were treated under two conditions. In the first case, the ground electrode is 2 mm from the end of the alumina tube. With this geometry (exposed), the plasma interacts with the environment due to the source's position close to the nozzle. In the second case, the plasma was created 9 cm from the nozzle of the alumina tube. With this geometry (confined), plasmaenvironment interactions are minimized. In both cases, the tube nozzle was 4 cm from the sample. LPS samples were prepared by dropping 100 µl of 500 µg ml −1 9 : 1 methanol : water solution onto piranha cleaned silicon chips and spin-coating at 100 RPM [16] . Surface analysis by XPS was performed by a Vacuum Generators ESCALAB MK II surface analysis system. Narrow scan spectra of the C 1s, N 1s and O 1s were obtained at 20 eV pass energy at an electron take-off angle of 20
• with respect to the sample surface. The film composition was calculated using the integrated peak areas of the C 1s, O 1s and N 1s spectra with Scofield cross sections of 1, 2.85 and 1.77, respectively [17] . Spectra were fit using a least square fit after Shirley background subtraction and charge compensation by calibrating the binding energy position of the C-C/H peak to 285 eV [18] . C 1s spectra were fit with four peaks corresponding to C-C/H, C-O, O-C-O/N-C=O and O-C=O peaks at 285 eV, 286.5 eV, 288 eV and 289 eV, respectively. N 1s spectra were fit with three peaks corresponding to N-C, [N- R 4 ] + and N 2 O/NO 3 at 400.1 eV, 402 eV and 407.9 eV, respectively. O 1s spectra were fit with four peaks corresponding to C-O/C=O, O-NO 2 and O-NO 2 at 532.4 eV, 533.1 eV, 533.9 eV and 534.7 eV, respectively [18] .
ELISA was used to estimate the endotoxicity of the LPS films after plasma treatment. Briefly, biotinylated-LPS (bLPS) in phosphate buffered saline (PBS) was incubated in a 96-well microtiter plate. After incubating and washing away excess bLPS with 0.04% Tween-20 in PBS, wells were dried and exposed in duplicate to the APPJ. For the APPJ treatment, the confined geometry was used in open air, but the nozzle was extended into the well to further minimize environmental effects by creating a net flow out of the well. After the treatment, the wells were blocked (StartingBlock, Thermo Scientific), washed again, and then incubated with horseradish peroxidase-conjugated streptavidin in PBS (HRP-SA). If biotin on bLPS is damaged by the APPJ, then HRP-SA will not bind with it. This failure to bind is taken as evidence for LPS deactivation. After washing excess HRP-SA, 3,3',5,5'-tetramethylbenzidine (TMB) was added to the wells to react with HRP. The reaction was stopped by 2M H 2 SO 4 and the optical density at 450 nm was measured by an automatic plate reader (Synergy HT Multi-Mode, BioTek). After background subtraction, treated wells were normalized to untreated wells. We note here that this assay measures the interaction between biotinylated-LPS and streptavidin to indirectly provide information on the biological activity of LPS because several functional groups (carbonyls, aliphatic chains, etc) found in biotin are also found in LPS.
OES was performed with a Princeton Instruments SpectraPro 2300i with a grating of 1200 grooves mm −1 blazed at 300 nm. For OES measurements, an optical fibre was aligned along the jet axis such that we could probe the discharge ) at 337 nm peaks were compared to the Ar * emission at 750.4 nm. This widely studied Ar peak results from electron impact excitation of ground state argon atoms and therefore serves as a good indicator of the plasma density [19] .
UV absorption was used to detect ozone produced by the APPJ employing an ambient ozone analyser (Thermo Electron UV Photometric O 3 Analyser Model 49). The outlet from the plasma source was fed into the ozone analyser and did not interact with the ambient. The distance between the source and the ozone analyser inlet was 20 cm. Figure 2(b) shows spectra in the 60% N 2 in Ar environment after treatment with the plume confined. Comparing the two geometries shows that the qualitative changes are similar, but intensified. Even though the plasma is farther away from the sample, the surface is more oxidized than in the exposed case, with a substantial decrease in C-C bonding, which is chiefly found on the aliphatic chains of lipid A. The loss of C-C bonding due to atomic O is consistent with work by Chung et al where they observed a reduction in the number of intact aliphatic chains on lipid A after exposure to O-atoms in a beam system [20] . Transferring samples to XPS through air instead of vacuum was also studied and showed that oxidation of the surface was decreased, indicating that weakly bound surface species are removed by exposure to ambient conditions. It is apparent that the interaction of the jet with the environment plays a major role with regard to which species reach the sample and chemically interact with LPS. As the nozzle-to-sample distance remained constant for both geometries, N 2 in the environment is not a significant quencher of ROS, which strongly suggests that the excitation of N 2 species by the jet is required to reduce ROS species created by plasma.
Results and discussion
The effect of feed gas chemistry on biological deactivation of bLPS was examined for conditions when the plume was confined, and the results are consistent with the role of nitrogen clarified in the surface analysis work. Figure 3 shows the differences between 1% N 2 , 1% and 0.2% O 2 and 1% synthetic air (1 : 4 O 2 /N 2 ) admixtures in Ar plasmas. 1% N 2 admixture causes very little deactivation, demonstrating that nitrogen radical species created in the plasma do not cause strong surface modifications under these conditions. As soon as O 2 is added to the plasma, as seen in the air admixture, stronger deactivation takes place. This demonstrates that oxygen species are required for deactivation in this APPJ. Furthermore, when 0.2% O 2 is added (note that this has the same O 2 admixture as for 1% air) deactivation increases significantly relative to air or pure N 2 . Nitrogen species that are excited by the plasma readily consume ROS formed in the plasma to likely create NO x [21] . 1% O 2 in Ar plasma shows elevated levels of deactivation compared to the 0.2% O 2 admixture initially, suggesting that more ROS are generated in the beginning. However, as the deactivation does not scale with the increase in O 2 , recombination reactions of atomic O to form O 2 and O 3 begin to play a larger role. For longer treatment times, the ELISA response saturates for both O 2 /Ar mixtures.
To further study the effect of nitrogen on ROS created under confined conditions, the concentration of active species (O * and N * 2 ) in O 2 /N 2 admixture was measured using OES ( figure 4(a) Ozone density measured using UV absorption spectroscopy for 1% O 2 admixture in the confined geometry was monitored as N 2 is added to the feed gas.
UV absorption was used to measure ozone produced by the APPJ. Ozone has known bactericidal properties and its formation is very sensitive to gas chemistry [21] . Increasing the O 2 admixture increases the ozone produced by the APPJ through the reaction:
where M is any species that can stabilize the reaction such as Ar, O 2 , or the alumina tube itself. Figure 4 (b) shows ozone densities for 1% O 2 in Ar with up to 1.6% N 2 additionally added. Without N 2 addition, ozone densities reached 7 × 10 14 cm −3 . Adding less than 0.5% N 2 causes the ozone density to significantly drop by nearly two orders of magnitude. This effect, called discharge poisoning, has been widely studied and results from cyclic reactions where nitrogen species consume ozone and atomic O to form NO, NO 2 , NO 3 and O 2 [21] .
ELISA, OES and UV-absorption measurements collectively demonstrate that when N 2 is purposely added to the feed gas, ROS are reduced. For the same O 2 admixture, biological deactivation is reduced when N 2 is added. O * and N * 2 emissions decrease for O 2 /N 2 admixtures as the two species react with one another. Furthermore, small admixtures of N 2 to ozone producing plasmas significantly decrease the ozone density. Most importantly, N 2 does not need to be added to the feed gas to quench ROS. XPS studies show that decreased surface oxidation occurs in the exposed geometry as N 2 content in the environment increases. This work demonstrates that plasmaenvironment interactions play a major role and demand consideration for future studies on APPJ surface treatments.
